Introduction
============

Although clonal deletion of autoreactive T cells in the thymus and the induction of T cell anergy in the periphery are the major mechanisms responsible for T cell tolerance, the ability to detect autoreactive T cells in normal individuals strongly suggests that neither of these mechanisms is fail-safe and that additional mechanisms of dominant immune tolerance must exist ([@bib1]--[@bib3]). Studies in a number of experimental animal models have demonstrated the existence of regulatory T cell populations that prevent the activation of autoreactive T cells ([@bib4]). CD4^+^CD25^+^ T cells represent one of the best characterized populations of regulatory T cells and prevent the development of autoimmune disease that occurs after day 3 thymectomy, the transfer of disease mediated by autoreactive T cell clones, as well as disease induced by CD4^+^ T cell populations that are depleted of regulatory T cells (e.g., CD4^+^CD25^−^ or the CD4^+^CD45RB^high^ subsets; references 5 and 6). Furthermore, a partial deficiency of CD4^+^CD25^+^ T cells may also contribute to the genetic susceptibility of autoimmunity as seen in NOD mice, which spontaneously develop insulin-dependent diabetes mellitus ([@bib7]). CD4^+^CD25^+^ T cells suppress CD4^+^ CD25^−^ or CD8^+^ T cell proliferation and cytokine production (IL-2 and IFN-γ) in vitro ([@bib8], [@bib9]). However, the mechanism by which CD4^+^CD25^+^ T cells mediate their suppressive effects is poorly understood. In most studies, suppression is cell contact dependent and not mediated by IL-4 or IL-10 as CD4^+^CD25^+^ T cells from IL-4--deficient (^−/−^) and IL-10^−/−^ mice are as effective as CD4^+^CD25^+^ T cells from wild-type (WT)[\*](#fn1){ref-type="fn"} mice in vitro and in mediating suppression of autoimmune gastritis (AIG) in vivo ([@bib8], [@bib10]).

TGF-β1 plays an important role in maintaining immune homeostasis in general, and in regulating T cells, in particular. Global disruption of the TGF-β1 gene in mice has clearly illustrated the importance of this specific TGF-β isoform in regulating immune cell differentiation and function. TGF-β1^−/−^ mice manifest a spontaneous autoimmune-like syndrome, with aberrant expression of MHC class I and II antigens, circulating SLE-like IgG antibodies to nuclear antigens, pathogenic glomerular IgG deposits, and a progressive infiltration of mononuclear cells into multiple organs ([@bib11]--[@bib15]). This syndrome can be adoptively transferred to lethally irradiated TGF-β1^+/+^ recipients with TGF-β1^−/−^ bone marrow, suggesting an important role for autocrine production of TGF-β1 in immune cells. The importance of T cells in the genesis of this syndrome is supported by the observation that T cell--specific disruption of TGF-β signaling leads to a similar, though less aggressive syndrome ([@bib16]--[@bib19]). In this model, T cell--specific expression of a dominant-negative TGF-β type RII transgenic (DNRIITg) results in spontaneous activation of T cells, lymphocyte infiltration into multiple organs, and autoantibody production. Specific intracellular intermediates that regulate these responses have also been globally disrupted in mice, including the genes encoding Smad2 and Smad3 ([@bib14], [@bib18]). Loss of *Smad3* has been associated with chemotaxis defects, altered T cell responses to TGF-β, and invasive mucosal infection with typically nonpathogenic microorganisms.

Overall, these in vivo models support the importance of TGF-β in maintaining immune homeostasis, and raise the possibility that TGF-β may play a critical role in immune suppression mediated by CD4^+^CD25^+^ suppressor T cells. Neutralizing antibodies to TGF-β have been shown to reverse suppression mediated by regulatory T cells (enriched in CD25^+^ T cells) of inflammatory bowel disease (IBD) in mice ([@bib20]) and thyroiditis ([@bib21]) in rats. However, the cellular source and specific isoform of the TGF-β was not addressed in these studies but was assumed to be TGF-β1 derived from the regulatory T cells. Considerable controversy exists on the role TGF-β1 plays in the induction and execution of CD4^+^CD25^+^-mediated suppressor function in vitro. Most studies have concluded that suppression is not mediated by secreted TGF-β1 because of the requirement for cell contact and the failure to reverse suppression with anti--TGF-β1 in murine ([@bib8], [@bib22], [@bib23]) as well as human systems ([@bib24]--[@bib29]). Nakamura et al. have recently proposed a novel model in which CD4^+^CD25^+^ T cells express cell surface latent TGF-β1 and mediate suppression via a cell contact--dependent presentation/activation of latent TGF-β1 to a TGF-βR on target CD4^+^CD25^−^ T cells ([@bib30]). This conclusion was based on the ability to detect the expression of cell surface TGF-β1 by flow cytometry and to completely abrogate suppression with high concentrations of anti--TGF-β. However, this study did not conclusively show functional evidence for a direct effect of TGF-β1 on responder T cells, nor did it consider the possibility that cell surface TGF-β1 mediated its effects by acting on the CD4^+^CD25^+^ suppressor T cells.

In this paper, we have taken advantage of the genetic models described above to critically evaluate whether CD4^+^CD25^+^-mediated suppression of T cell activation is dependent on the ability of CD4^+^CD25^+^ to produce TGF-β1 or on the ability of target T cells to respond to TGF-β1. Neutralization of TGF-β1 with either mAb or soluble TGF-βRII-Fc chimera did not reverse in vitro suppression mediated by resting or activated CD4^+^CD25^+^ T cells. Then, we demonstrate that both CD4^+^ and CD8^+^ responder T cells from Smad3^−/−^ and DNRIITg mice, while unresponsive to exogenous rhTGF-β1, are as susceptible to suppression by CD4^+^CD25^+^ T cells as WT T cells. Furthermore, we demonstrate that CD4^+^CD25^+^ T cells isolated from neonatal TGF-β1^−/−^ mice are as effective as CD4^+^CD25^+^ T cells from WT mice in their capacity to suppress proliferative responses of T cells from WT mice. Finally, we show that neutralization of TGF-β1 in vivo did not abrogate CD4^+^CD25^+^-mediated protection of AIG. These results formally demonstrate that CD4^+^CD25^+^ suppressor activity can occur in the functional absence of TGF-β1 production or responsiveness.

Materials and Methods
=====================

Mice.
-----

TGF-β1^−/−^ and Smad3^−/−^ mice (C57BL/6×Sv129) were generated by targeted gene disruption in murine embryonic stem cells by homologous recombination ([@bib18], [@bib31]). Control littermates were bred and maintained in a pathogen-free animal facility. Female C57BL/6 and BALB/c mice were obtained from the National Cancer Institute. DNRIITg mice (C57BL/6 genetic background) were provided by Philip Lucas (National Cancer Institute, National Institutes of Health). Unless specified, the mice used in these experiments were 6--8 wk of age.

Reagents.
---------

Human rIL-2 was purchased from Peprotech. Human rTGF-β1 was obtained from R&D Systems. The following antibodies were used for in vitro stimulation/neutralization and flow cytometry experiments: biotin anti-CD25 (7D4 clone); PE-CD25 (PC61 clone); PE-streptavidin; PE anti-CD4; PE anti-CD8; PE anti-CD69; and purified anti-CD3ε (2C11) were purchase from BD PharMingen. Tricolor CD4 was purchased from Caltag Laboratories. Anti--TGF-β antibodies (clones 1D11, 9016.2, and R&D Systems model AB-101-NA) and soluble TGF-βRII-Fc were purchased from R&D Systems.

Cell Purification.
------------------

CD4^+^CD25^+^ T cells were isolated on a FACStar™ Cell Sorter. In brief, fresh lymph nodes (axillary, inguinal, brachial, and mesenteric) were collected from adult BALB/c, C57BL/6, or appropriate knockout mice and single cell suspensions were prepared by passing cells through a sterile wire mesh. Cells were resuspended in HBSS/5% FCS, gently layered on a Lympholyte-M gradient (Cederlane), and centrifuged according to the manufacturer\'s specifications to remove dead cells. The resulting cell preparation was stained with biotin-conjugated anti-CD25 (15 μg/10^8^ cells) in PBS/2% FCS for 20 min at 4°C, washed, and then incubated with PE-streptavidin (15 μg/10^8^ cells) and Tricolor-CD4 (15 μg/10^8^ cells) in PBS/2% FCS for 20 min at 4°C. The cells were then washed and resuspended in RPMI 1640/10% FCS (no phenol red) for FACS^®^ sorting. The purity of the final CD4^+^CD25^+^ preparation was typically \>98%. T cell--depleted spleen cells were used as APC and were prepared by lysing the RBCs with ACK lysing buffer, followed by negative selection (depletion of T cells with Thy1.2 magnetic beads) on the AutoMACS^®^ magnetic separation system according to the manufacturer\'s protocol. The cells were then washed extensively and irradiated at 3,000 rads. CD4^+^ and CD8^+^ responder T cells were prepared from spleens or lymph node of appropriate adult mice. Single cell suspensions were prepared as described above, and responder T cells were purified by either negative (depletion of B220^+^, CD4, or CD8 and I-A^b^-positive cells) or positive selection (using CD4 or CD8 magnetic beads) on the AutoMACS^®^ magnetic separation system. In some experiments, cells were labeled with CFSE as described previously ([@bib32]).

Proliferation Assays.
---------------------

Proliferation assays were performed by culturing CD4^+^ or CD8^+^ T cells (5 × 10^4^) in 96-well, flat-bottomed microtiter plates (0.2 ml) in RPMI 1640 (Biofluids) supplemented with 10% heat-inactivated FCS, penicillin (100 U/ml), streptomycin (100 μg/ml), 2 mM [l]{.smallcaps}-glutamine, 10 mM Hepes, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate (all obtained from Biofluids) and 50 μM 2-ME (Sigma-Aldrich) with irradiated, T cell--depleted spleen cells (1--2 × 10^5^ cells) for 72 h at 37°C in 7% CO~2~. Cell cultures were pulsed with 1 μCi ^3^\[H\]TdR for the last 6--12 h. All the data represents the average counts per minute of triplicate determinations. All proliferation experiments were repeated at least three times.

To generate CD4^+^CD25^+^ short-term cell lines, cell sorted CD4^+^CD25^+^ cells were cultured with irradiated APC (1:1), 0.5 μg/ml anti-CD3 and 5 ng/ml (100 U/ml) hIL-2 for 72 h and were then split and maintained in IL-2 media for ∼5--7 d. In some experiments, CD4^+^CD25^+^ cells were prepared by stimulation with plate-bound anti-CD3 (5 ug/ml) and IL-2 (5 ng/ml) for 72 h.

Flow Cytometry.
---------------

Cells were collected and stained with PE-CD4, PE-CD8, FITC-CD69, or FITC-CD25 and analyzed with FACScan™ flow cytometer (Becton Dickinson) using the CELLQuest™ software program.

Induction and Suppression of AIG.
---------------------------------

CD4^+^CD25^+^ T cells were depleted from BALB/c mice by treatment with anti-CD25 (PC61, 1 mg, intraperitoneally) every other day beginning on day 10 of life. Splenocytes from the depleted mice were harvested on day 24 and injected (20 × 10^6^ cells) intravenously into BALB/c *nu/nu* or C.B-17 SCID mice. Some animals were coinjected with splenocytes (50 × 10^6^) from normal BALB/c mice. One group of recipients was treated with anti--TGF-β (1D11.16, 2 mg intraperitoneally, on days --1 and 1 of cell transfer and weekly thereafter for 6 wk). Gastric pathology was evaluated as described previously ([@bib33]) using disease scores ranging from normal gastric mucosa (0) to severe gastritis ([@bib6]).

Results
=======

Anti--TGF-β1 Antibodies and Soluble TGF-βRII-Fc Fail To Reverse Suppression Mediated by Resting or Activated CD4^+^CD25^+^ T Cells.
-----------------------------------------------------------------------------------------------------------------------------------

We and others ([@bib8], [@bib22], [@bib23]) have previously demonstrated that TGF-β1 mAbs (10 μg/ml) failed to reverse suppression mediated by freshly isolated CD4^+^CD25^+^ T cells. Nakamura et al. ([@bib30]) demonstrated that suppression could only be reversed with higher concentrations (\>25 μg/ml) of anti--TGF-β1 and suggested that the higher concentration was needed to penetrate the physical interaction of the responder T cells with the suppressor T cell--bearing surface latent TGF-β1. We did not observe reversal of suppression of T cell responses to soluble anti-CD3 and APC even in the presence of high concentrations of anti--TGF-β1 ([Fig. 1](#fig1){ref-type="fig"}) . We previously demonstrated that activated CD4^+^CD25^+^ cells maintain their anergic phenotype and exhibit enhanced suppressor function in the absence of TCR reengagement ([@bib34]). Nakamura et al. have demonstrated that activated CD4^+^ CD25^+^ T cells express high levels of membrane-bound latent TGF-β1 complexes and have hypothesized that this would account for the enhanced antigen nonspecific suppressive capacity of activated CD4^+^CD25^+^ T cells. However, suppression mediated by activated CD4^+^CD25^+^ T cells was readily observed even in the presence of high concentrations of anti--TGF-β (50 μg/ml) ([Fig. 1](#fig1){ref-type="fig"} A). The inability to reverse suppression was also observed when the TCR signal strength was increased 20-fold ([Fig. 1](#fig1){ref-type="fig"} A) demonstrating that the failure to abrogate suppression could not be explained by suboptimal T cell activation. Identical results were observed when activated CD4^+^ CD25^+^ T cells were mixed with CD4^+^ T cells from TCR Tg mice that were stimulated with specific peptide and APC under conditions where the activated suppressor cells were not restimulated in the assay culture (unpublished data). In some experiments, antibodies directed at all TGF-β isoforms or antibodies directed at latent TGF-β1 were used with identical results (unpublished data). Similar results were obtained using limiting numbers of activated suppressors in order to maximize the capacity of high dose anti--TGF-β1 to reverse suppression (unpublished data).

###### 

TGF-β1 blockade does not reverse CD4^+^CD25^+^-mediated suppression of T cell proliferation. (A) WT CD4^+^ T cells (5 × 10^4^) were stimulated with irradiated T cell--depleted spleen cells (2 × 10^5^) either alone or with freshly isolated or activated (•) CD4^+^CD25^+^ T cells (1:2 suppressor/responder ratio) in the presence of titrated doses of anti--TGF-β1. Results from a representative experiment of three are shown. (B) OT-I Tg CD8^+^ T cells were stimulated with H-2K^b^/OVA~257--264~ soluble tetramer (0.1 μg/ml) either alone or with activated CD4^+^CD25^+^ T cells (1:2 suppressor/responder ratio) in the presence or absence of soluble TGF-βRII-Fc (10 μg/ml). In some instances, rhTGF-β1 was added as a control (5 ng/ml).
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Activated CD4^+^CD25^+^-mediate suppression of antigen-specific CD8^+^ T cell activation in an APC-free manner when the CD8^+^ T cells are stimulated with peptide-MHC class I tetramers ([@bib9]). To further evaluate the potential role of TGF-β1 in the suppression of T cell activation, we stimulated CD8^+^ T cells from OT-I mice with soluble H-2K^b^/OVA~257--264~ tetramers, in the presence of activated CD4^+^CD25^+^ T cells, and either in the presence or absence of saturating doses of sTGF-βRII-Fc, a natural competitor of TGF-β1. The sTGF-βRII-Fc reagent is capable of binding various isoforms, including TGF-β1, with sufficient affinity to act as a potent inhibitor of TGF-β1 activity. When OT-I Tg CD8^+^ T cells were stimulated with tetramer in the presence of activated CD4^+^CD25^+^ T cells, marked suppression of proliferation was observed at a suppressor/responder ratio of 1:2 (\>65%) ([Fig. 1](#fig1){ref-type="fig"} B). Interestingly, suppression was not abrogated in the presence of a concentration of sTGF-βRII-Fc (10 μg/ml) that was capable of inhibiting the suppressive effects of rTGF-β1 (5 ng/ml) on CD8^+^ T cell proliferation ([Fig. 1](#fig1){ref-type="fig"} B). In summary, in vitro blockade of TGF-β1 by means of neutralizing antibodies or sTGF-βRII-Fc had no effect on suppression mediated by resting or activated CD4^+^CD25 T cells in APC-dependent and -independent systems.

CD4^+^ T Cells from Smad3^−/−^ or DNRIITg Mice Are Susceptible To Suppression Mediated by CD4^+^CD25^+^ T Cells while Resistant to the Antiproliferative Effects of TGF-β1.
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In an attempt to further evaluate the effector role of TGF-β1 in CD4^+^CD25^+^-mediated suppression, we made use of genetic models characterized by TGF-β1 unresponsiveness in T cells. Targeted disruption of the Smad3 gene resulted in the complete loss of sensitivity to TGF-β1 growth inhibition in T cells ([@bib18]). More importantly, the ability of TGF-β1 to suppress T cell proliferation and IL-2 gene transcription depends on the successful activation of Smad3 pathway ([@bib35]). If CD4^+^CD25^+^-mediated suppression requires TGF-β1, then CD4^+^CD25^+^ T cells would not suppress CD4^+^ T cells from Smad3^−/−^ mice. When stimulated with soluble anti-CD3, CD4^+^ T cells from Smad3^−/−^ mice were completely resistant to the antiproliferative effects of exogenous rhTGF-β1 ([Fig. 2](#fig2){ref-type="fig"} A), while the proliferation of WT CD4^+^ T cells was strongly inhibited ([Fig. 2](#fig2){ref-type="fig"} A). More importantly, CD4^+^ T cells from Smad3^−/−^ mice were as susceptible to suppression mediated by CD4^+^CD25^+^ T cells from WT mice as CD4^+^CD25^−^ T cells from WT mice ([Fig. 2](#fig2){ref-type="fig"} B). These results suggest that CD4^+^CD25^+^-mediated suppression does not occur via a Smad3-dependent TGF-β signaling pathway in target CD4^+^ T cells. Smad3-dependent signaling in CD4^+^CD25^+^ T cells was also not an essential requirement for suppressor function as CD4^+^CD25^+^ T cells from Smad3^−/−^ were as efficient in mediating suppression as CD4^+^CD25^−^ T cells from WT mice ([Fig. 2](#fig2){ref-type="fig"} C).

###### 

CD4^+^ T cells from TGF-β1--insensitive Smad3^−/−^ mice are susceptible to suppression mediated by CD4^+^CD25^+^ T cells. (A) WT or Smad3^−/−^ CD4^+^ T cells (5 × 10^4^) were stimulated with anti-CD3 (0.5 μg/ml) and irradiated, T cell--depleted spleen cells (2 × 10^5^) in the presence or absence of exogenous rhTGF-β1. (B) WT or Smad3^−/−^ CD4^+^ T cells (5 × 10^4^) were stimulated as described in A in the presence of titrated numbers of either activated CD4^+^CD25^+^ or CD4^+^CD25^−^ T cells. (C) Smad3-dependent signaling in CD4^+^CD25^+^ T cells is not required for suppressor effector function. WT CD4^+^ T cells were stimulated as described in A and in the presence of either freshly isolated CD4^+^CD25^+^ or CD4^+^CD25^−^ T cells from WT or Smad3^−/−^ mice. The final purity of sorted suppressors was \>98%.
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To rule out the possibility that CD4^+^CD25^+^ T cells may exert a TGF-β1--dependent effect, which does not require signaling via Smad3, we also tested the susceptibility of CD4^+^ T cells from a transgenic mouse that overexpresses a dominant-negative form of the TGF-β type II receptor in T cells ([@bib17]). Both CD4^+^ and CD8^+^ T cells from DNRIITg mice were markedly resistant to the antiproliferative effects of exogenous rhTGF-β1 ([Fig. 3](#fig3){ref-type="fig"} A), while both populations remained susceptible to CD4^+^CD25^+^-mediated suppression ([Fig. 3](#fig3){ref-type="fig"} B). Taken together, these results strongly suggest that CD4^+^CD25^+^-mediated suppression can occur without functional TGF-β1--induced signaling in responding T cells.

###### 

CD4^+^CD25^+^ T cells suppress T cells from DNRIITg mice. (A) T cells from WT or DNRIITg mice (5 × 10^4^ cells) were stimulated with anti-CD3 (0.5 μg/ml) and irradiated, T cell--depleted spleen cells (2 × 10^5^) in the presence or absence of exogenous rhTGF-β1. (B) CD4^+^ or CD8^+^ T cells (5 × 10^4^) from WT or DNRIITg mice were stimulated as described in A in the presence or absence of either activated CD4^+^CD25^+^ or CD4^+^CD25^−^ T cells.
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CD4^+^CD25^+^ T Cells from TGF-β1^−/−^ Mice Function Normally.
--------------------------------------------------------------

The most direct approach for the assessment of TGF-β1 function in CD4^+^CD25^+^-mediated suppression is the evaluation of the suppressor function of CD4^+^CD25^+^ T cells from TGF-β1^−/−^ mice. As these mice rapidly develop an autoimmune phenotype by 3--4 wk of age ([@bib13]), we isolated CD4^+^CD25^+^ T cells from 5--7-d old mice. At this age, the mice were phenotypically normal and demonstrated no visible sign of disease. Furthermore, analysis of activation marker expression on total CD4^+^ and CD8^+^ T cells, as well as CD4^+^CD25^+^ T cells from these mice revealed expression patterns indistinguishable from those seen in control WT littermates (unpublished data). Moreover, the frequency of CD4^+^CD25^+^ T cells was comparable between WT and TGF-β1^−/−^ neonatal mice, comprising ∼8% of total CD4^+^ T cells ([Fig. 4](#fig4){ref-type="fig"} A). CD4^+^CD25^+^ T cells from TGF-β1^−/−^ mice resembled CD4^+^CD25^+^ T cells from WT mice as they did not proliferate spontaneously (unpublished data), were nonresponsive when stimulated via their TCR, but proliferated vigorously in the presence of anti-CD3 and exogenous IL-2 ([Fig. 4](#fig4){ref-type="fig"} B). This was strongly suggestive that the CD4^+^CD25^+^ T cells present in neonatal TGF-β1^−/−^ were not derived from a preactivated effector T cell pool. More importantly, CD4^+^CD25^+^ T cells from TGF-β1^−/−^ neonatal mice were as efficient as CD4^+^CD25^+^ T cells from WT mice in mediating suppression of the response of WT CD4^+^ T cells to anti-CD3 stimulation ([Fig. 4](#fig4){ref-type="fig"} C).

###### 

CD4^+^CD25^+^ regulatory T cell activity is operative in TGF-β1^−/−^ mice. (A) The frequency of CD4^+^CD25^+^ T cells is comparable in WT and TGF-β1^−/−^ neonatal mice. (B) WT or TGF-β1^−/−^ CD4^+^ CD25^+^ or CD4^+^CD25^−^ T cells (5 × 10^4^) were stimulated with anti-CD3 (0.5 μg/ml) and irradiated, T cell--depleted spleen cells (2 × 10^5^) in the presence or absence of exogenous IL-2 (5 ng/ml). (C) WT CD4^+^ T cells were stimulated as described in B in the presence of either freshly isolated CD4^+^CD25^+^ or CD4^+^ CD25^−^ T cells from WT or TGF-β1^−/−^ neonatal mice.
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As TCR-induced proliferation of CD4^+^ T cells from normal mice is enhanced in the absence of CD4^+^CD25^+^ T cells in vitro ([@bib4], [@bib36]), we next evaluated whether depletion of CD4^+^CD25^+^ T cells from lymphoid populations derived from TGF-β^−/−^ mice also resulted in enhanced proliferation. Therefore, we first depleted CD25^+^ T cells from either WT ([Fig. 5](#fig5){ref-type="fig"} A) or TGF-β1^−/−^ lymphoid cells from neonatal mice ([Fig. 5](#fig5){ref-type="fig"} B), stimulated the depleted population with soluble anti-CD3, and examined the frequency of dividing cells based on CFSE dilution by flow cytometry. As shown in [Fig. 5](#fig5){ref-type="fig"} A, the number of cell divisions and the frequency of dividing CD4^+^ and CD8^+^ T cells increases in an identical fashion when CD25^+^ T cells are removed from WT and TGF-β1^−/−^ lymphoid cells. In addition, when CD25-depleted TGF-β1^−/−^ populations were reconstituted with nondepleted TGF-β1^−/−^ cells, the proliferative response was similar to that seen in nondepleted controls ([Fig. 5](#fig5){ref-type="fig"} C). This result clearly suggests that CD25^+^ T cell regulatory activity is normal in neonatal TGF-β1^−/−^ lymphoid tissues and that solely a deficiency of CD4^+^CD25^+^ T cells does not establish autoimmunity in TGF-β1^−/−^ mice.

###### 

In vitro depletion of CD4^+^CD25^+^ regulatory T cell activity in TGF-β1^−/−^ mice enhances T cell proliferation. CD25-depleted or nondepleted splenocytes/lymph node cells from either WT (A) or TGF-β1^−/−^ (B) neonatal mice were labeled with CFSE and stimulated with anti-CD3 (0.5 μg/ml) and irradiated, T cell--depleted spleen cells (2 × 10^5^) for a period of 48 h. Cells were then analyzed by flow cytometry for CFSE division status relative to unstimulated T cells (solid yellow line). All histograms were gated on CD4^+^ or CD8^+^ T cells. (C) CD25-depleted WT or TGF-β1^−/−^ cells were reconstituted with the respective nondepleted cell preparation, stimulated with soluble anti-CD3, and then examined the frequency of dividing cells based on CFSE dilution by flow cytometry. Cells were gated on CD4^+^ T cells.
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Anti--TGF-β Does Not Abrogate CD4^+^CD25^+^-mediated Suppression of AIG.
------------------------------------------------------------------------

To evaluate the potential involvement of TGF-β1 in CD4^+^CD25^+^-mediated suppression of autoimmunity in vivo, we transferred CD4^+^CD25^−^ T cells to *nu/nu* recipients. After 6--8 wk, all animals manifested pathologic changes consistent with severe AIG ([Fig. 6](#fig6){ref-type="fig"}) . When spleen cells from normal BALB/c donors containing CD4^+^CD25^+^ T cells were cotransferred with the CD4^+^CD25^−^ T cells, marked suppression of disease was observed. Anti--TGF-β1 did not enhance disease severity when given to recipients of CD4^+^CD25^−^ effectors, nor did it reverse the suppression mediated by the CD4^+^ CD25^+^ population.

![Anti--TGF-β does not reverse suppression of AIG mediated by CD4^+^CD25^+^ T cells. *Nu/nu* mice (6--8 wk) were injected with splenocytes depleted of CD25^+^ cells (20 × 10^6^ cells), as described in the Materials and Methods. Simultaneously, some *nu/nu* mice were coinjected with CD4^+^CD25^+^ T cells (2 × 10^6^ cells). Anti--TGF-β (2 mg) was injected on days --1 and 1 of cell transfer and weekly thereafter for the duration of the experiment. Stomachs were harvested 6 wk after transfer and H&E stains of formalin-fixed, paraffin-embedded sections were analyzed for gastric pathology.](20020590f6){#fig6}

Discussion
==========

Over the past 10 y a number of regulatory CD4^+^ T cell populations capable of inhibiting immune responses both in vivo and in vitro have been described previously ([@bib2], [@bib4], [@bib37], [@bib38]). Some of the immunosuppressive effects of these regulatory T cells appear to be mediated by secretion of suppressor cytokines such as IL-4, IL-10, and TGF-β1. CD4^+^CD25^+^ T cells in mouse and man represent a population of naturally occurring professional suppressor T cells whose inhibitory effects have been studied by a number of groups. It is widely accepted that this population of suppressor cells mediates its function in vitro by a direct cell contact--dependent mechanism that is independent of the above-mentioned secreted suppressor cytokines ([@bib5], [@bib39]). Nakamura et al. ([@bib30]) have recently offered an alternative hypothesis by demonstrating that activated CD4^+^CD25^+^ T cells secrete latent TGF-β1 that is subsequently bound to their surface. Membrane-bound latent TGF-β1 is then delivered to responder CD4^+^CD25^−^ T cells on whose surface latent TGF-β1 would be activated and bound to TGF-βRII with resultant delivery of a suppressive signal for T cell activation. In light of the critical role of TGF-β1 in regulating T cell responses ([@bib40]), the major goal of the present study was to reexplore the potential involvement of TGF-β1 in suppressor T cell effector function. To achieve this, we have made use of several genetic model systems in which CD4^+^CD25^+^ T cell suppressor function can be assessed in vitro in the complete absence of suppressor-derived TGF-β1 production and target T cell responsiveness to TGF-β1. Collectively, our studies demonstrate that CD4^+^CD25^+^-mediated T cell suppression can occur independently of TGF-β1 production and responsiveness in vitro and for suppression of AIG in vivo.

We have been unable to confirm the observations of Nakamura et al. ([@bib30]) that suppression of anti-CD3 mediated activation by freshly explanted CD4^+^CD25^+^ could be reversed by high concentrations of anti--TGF-β1. More importantly, we did not observe any effects of either anti--TGF-β1 antibodies or sTGF-βRII-Fc on the immunosuppressive effects of activated CD4^+^CD25^+^ T cells. We have previously shown that the latter population has enhanced suppressor function and also mediates antigen nonspecific suppression in the absence of reengagement of their TCR. Activated CD4^+^CD25^+^ T cells were shown by Nakamura et al. ([@bib30]) to be highly reactive with an anti--rhTGF-β1 polyclonal chicken antibody as measured by flow cytometry and therefore should have been readily susceptible to inhibition by anti--TGF-β1. We also have been unable to consistently observe significant differences in the expression of cell surface TGF-β1 on activated CD4^+^CD25^+^ T cells when compared with similarly activated CD4^+^CD25^−^ T cells. Both activated populations stained very weakly although in some studies the activated CD25^+^ population was marginally brighter (unpublished data). It should also be pointed out that cell surface TGF-β1 could only be detected with a polyclonal chicken anti-rhTGF-β1 serum and studies demonstrating the specificity of the staining by blocking with rhTGF-β1 were not reported. The reasons for the discrepancy observed between these two studies are unknown but may reflect technical differences in experimental protocols.

It is always difficult to determine the mechanism of reversal of inhibition by adding a neutralizing antibody to a complex mixture of cells that are both capable of producing and responding to the target cytokine. As an alternative approach, we used CD4^+^CD25^+^ T cells that could not produce TGF-β1 and CD4^+^CD25^−^ T cells that could not respond to TGF-β1-induced growth arrest. Activation of CD4^+^CD25^−^ T cells from the Smad3^−/−^ and DNRIITg mice was completely resistant to the immunosuppressive effects of TGF-β1 yet T cells from each mouse model were readily suppressed by CD4^+^CD25^+^ T cells from WT mice. We were also able to purify CD4^+^CD25^+^ T cells from TGF-β1^−/−^ mice and demonstrate that they phenotypically and functionally resembled CD4^+^CD25^+^ T cells from WT mice. Importantly, they were as suppressive as WT CD4^+^CD25^+^ T cells when mixed with CD4^+^ CD25^−^ T cells from WT mice. As the autoimmune syndrome seen in TGF-β1^−/−^ mice is much more severe than that seen in d3Tx mice that lack CD4^+^CD25^+^ T cells, it is likely that CD4^+^CD25^+^-mediated suppression, although operative in young TGF-β1^−/−^ mice, is overwhelmed by other manifestations of a global deficiency in TGF-β1. Collectively, these studies rule out the possibility that production of, or responsiveness to, TGF-β1 is absolutely required for CD4^+^CD25^+^-mediated suppression in vitro.

Interpretation of the effects of anticytokine reagents on the reversal of regulatory T cell mediated suppression of autoimmune disease in vivo is also difficult. It has previously been reported that suppression of IBD induced by transfer of CD4^+^CD45RB^high^ T cells into SCID recipients by cotransfer of regulatory CD4^+^CD45RB^low^ T cells can be reversed by treatment of the recipient animals with anti--TGF-β1 ([@bib20]). CD4^+^CD45RC^low^ T cell--mediated suppression of thyroiditis in the rat was also reversed by anti--TGF-β ([@bib21]). Although both murine CD4^+^CD45RB^low^ T cells and rat CD4^+^CD45RC^low^ are highly enriched in CD4^+^CD25^+^ T cells, they also contain CD4^+^CD25^−^ cells that are derived from the memory/effector cell pool. The cellular source(s) of the TGF-β1 that mediates inhibition of autoimmune disease in these models is unknown and it may be produced by members of the regulatory population or even by host lymphoid or nonlymphoid cells, such as gut epithelium. In the present report, suppression of AIG induced by CD4^+^CD25^−^ T cells by cotransfer of CD4^+^CD25^+^ T cells was not reversed by an anti--TGF-β treatment protocol identical to that used to reverse suppression of IBD. AIG also differs from IBD in that CD4^+^CD25^+^ T cells from IL-10^−/−^ mice are capable of mediating suppression ([@bib41]). One major difference between IBD and AIG is that intestinal bacteria play a major role in the induction of disease ([@bib42]) in the former, while AIG can be readily induced in germ-free mice ([@bib43]). The involvement of IL-10 and TGF-β1 in suppression of IBD does not rule out that cell contact mediated inhibition of effector function is also operative. IL-10 and TGF-β1 may first be required to suppress the strong bacteria-driven inflammatory response before the cell contact--mediated pathway can function.

Taken together, our studies do not support the view that secreted or cell surface--associated TGF-β1 contribute significantly to the in vitro suppressive functions of CD4^+^CD25^+^ T cells. Although CD4^+^CD25^+^ T cells from Smad3^−/−^ mice, which cannot respond to TGF-β1-induced growth inhibition, appeared to function as efficiently as CD4^+^CD25^+^ T cells from WT mice, it remains possible that TGF-β1 could play a role in the induction of CD4^+^CD25^+^ suppressor activity. Such a stimulatory effect on CD4^+^CD25^+^ suppressor activity would function in a Smad3-independent fashion. Resting CD4^+^CD25^+^ T cells selectively express high levels of mRNA for *Tgif,* a transcriptional corepressor that suppresses TGF-β1--induced transcription ([@bib44], [@bib45]). CD4^+^CD25^+^ suppressor T cells may therefore use unique signaling pathways to resist the traditional downregulatory effects of TGF-β1 and somehow permit TGF-β1 stimulatory effects. Lastly, a number of studies have suggested that TGF-β1 may play a critical role in the development of suppressor function in CD4^+^CD25^−^ T cells. Yamagiwa et al. ([@bib46]) have demonstrated culture of human CD4^+^CD45RA^+^RO^−^ T cells in the presence of allogeneic stimulators and TGF-β1 resulted in the development of a population of potent suppressors that inhibit the induction of CD8^+^ cytotoxic effector cells. Although the induction of suppressor cells from CD45RA^+^ population also required the presence of a very small number of (\<1%) of CD4^+^CD25^+^ T cells, it is highly unlikely that the suppressors generated in these cultures were derived from this small number of precursors. Zeller et al. ([@bib47]) generated a population of murine alloantigen-specific suppressor T cells by coculture of CD4^+^ responder cells with alloantigen-bearing stimulators in the presence of both IL-10 and TGF-β1 T cells primed with alloantigen under these conditions readily suppressed both primary and secondary MLR cultures and were also markedly impaired in their ability to induce GVHD responses upon adoptive transfer to MHC class II disparate recipients. Although the relationship of these suppressor T cells to CD4^+^CD25^+^ T cells remains unclear, the recent studies of Barrat et al. ([@bib48]) clearly demonstrate that potent IL-10--producing suppressor T cells can be generated by culture of CD4^+^CD25^−^ T cells with antigen and the combination of vitamin D3 and dexamethasone. Thus, while most studies have focused on the role of TGF-β1 as an effector suppressor cytokine, TGF-β1 may also play an equally important role in the induction and maintenance of suppressor T cells from CD4^+^CD25^−^ T precursor cells both in vitro and in vivo. Nonetheless, our current study demonstrates for the first time that CD4^+^CD25^+^ regulatory T cells can mediate contact-dependent and antigen-nonspecific suppression in the complete absence of suppressor-derived TGF-β1 production and functional TGF-β1 responsiveness by target T cells.

*Abbreviations used in this paper:* AIG, autoimmune gastritis; DNRIITg, dominant-negative TGF-β type RII transgenic; IBD, inflammatory bowel disease; WT, wild-type.
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